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The authors would like to dedicate this paper to late Prof. Takamiya.Abstract Monogalactosyldiacylglycerol (MGDG), a major
membrane lipid of chloroplasts, is synthesized by MGDG syn-
thase (MGD) localized in chloroplast envelope membranes.
We investigated whether MGD activity is regulated in a re-
dox-dependent manner using recombinant cucumber MGD
overexpressed in Escherichia coli. We found that MGD activ-
ity is reversibly regulated by reduction and oxidation in vitro
and that an intramolecular disulﬁde bond(s) is involved in
MGD activation. Because thioredoxin eﬃciently reduced disul-
ﬁde bonds to enhance MGD activity in vitro, MGD is poten-
tially an envelope-bound thioredoxin target protein in higher
plants.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Redox-regulation1. Introduction
Monogalactosyldiacylglycerol (MGDG or 1,2-diacyl-3-O-
(b-D-galactopyranosyl)-sn-glycerol) is a predominant and
essential plant lipid required for biogenesis and integrity of
plastids and for photosynthetic activity, which require a
galactolipid-rich environment [1–3]. MGDG is also a critical
precursor of digalactosyldiacylglycerol (DGDG), which is
transferred to the extraplastidic membrane under phosphate
deprivation [4,5]. Thus, synthesis of MGDG is crucial forAbbreviations:MGDG, monogalactosyldiacylglycerol; MGD, MGDG
synthase; DTT, dithiothreitol; DAG, diacylglycerol; Trx, thioredoxin;
NTR, NADPH-dependent thioredoxin reductase; AMS, 4-acetamido-
4 0-maleimidylstilbene-2-20-disulfonate
*Corresponding author. Fax: +81 45 924 5823.
E-mail address: hohta@bio.titech.ac.jp (H. Ohta).
1 Present address: Laboratoire de Physiologie Cellulaire Ve´ge´tale,
UMR 5168 (CNRS/CEA/Universite´ Joseph Fourier), DRDC/PCV,
CEA-Grenoble, 17 Rue des Martyrs, F-38054 Grenoble Cedex 9,
France.
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.06.050plants. The bulk of MGDG is synthesized by MGDG syn-
thase (MGD, UDP-galactose: 1,2-diacylglycerol 3-b-D-galac-
tosyltransferase; EC 2.4.1.46) localized in the plastid
envelope membrane [6–9].
Previously, we reported that light and cytokinin coopera-
tively regulate MGDG synthesis in cucumber seedlings [10].
The regulation of MGD has also been studied during the pro-
cess of enzyme puriﬁcation from spinach [11–14]. The basic ki-
netic properties of MGD have been assessed using enzyme
partially puriﬁed from spinach [11–14]. One of the intriguing
enzymatic properties is the requirement of a reducing reagent
such as dithiothreitol (DTT) to maintain MGD activity
in vitro. In addition, MGD activity is inhibited by N-ethylma-
leimide (NEM) [14], a thiol-blocking reagent. These reports
imply that the thiol group of a Cys residue might be involved
in MGD activity. Although Cys residues have been predicted
to be involved in binding of either metal ions such as zinc
or the substrates, diacylglycerol (DAG) or UDP-galactose
(UDP-Gal) [14,15], this role has not yet been clearly
demonstrated.
In this study, we investigated whether MGD is regulated by
redox-state control using recombinant cucumber MGD over-
expressed in Escherichia coli. We examined the reversibility
of redox-dependent regulation and the involvement of thiol–
disulﬁde interchange in MGD. We then reconstituted control
of MGD activity by thioredoxin (Trx) in vitro.2. Materials and methods
2.1. Protein expression in E. coli
Cucumber MGD genes were overexpressed in E. coli using the
pET expression system (Novagen Inc., WI, USA). MGD expression
plasmids were constructed by PCR using the primers, MGD-Fw
(5 0-GGATCCCCatgTTGAGTTCAAGAGGTAGCTCGAGCTTAA-
GGAGATTTGTGAACG-3 0) and MGD-Rv (5 0-GgaattcccGCCG-
GAATATTGTGGTACAAAACTTCTTTG-3 0). The primers were
designed to contain a BamHI restriction site at the 5 0 end and a
EcoRI restriction site at the 3 0 end. The sequences of PCR products
were conﬁrmed by sequencing, and the products were digested with
BamHI and EcoRI. Digested fragments were subcloned into the T7
polymerase expression vector, pET-24a, containing a 6-His tag.
E. coli strain BL21 (DE3) was transformed with these plasmids
and used for expression.blished by Elsevier B.V. All rights reserved.
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The transformants, MGD-pET/BL21 (DE3), were inoculated in LB
medium containing 50 lg/ml kanamycin and cultured at 37 C until
OD600 reached an appropriate value (0.3–0.5). Recombinant MGD
expression was induced by addition of isopropyl b-D-thiogalactopyra-
noside to a ﬁnal concentration of 1 mM. Subsequent protein expres-
sion was allowed to proceed for 16 h at 20 C before harvesting the
cells by centrifugation at 10000 · g for 10 min at 4 C. The cells were
resuspended in lysis buﬀer containing 50 mM Tris–HCl (pH 8.0), 12%
(w/v) glycerol and 0.5 M NaCl and lysed by sonication (Ultrasonic dis-
rupter UD-201, TOMY, Japan). The cell lysate was centrifuged at
10000 · g for 10 min at 4 C. The supernatant was subjected to a nick-
el-charged resin (Ni-NTA Agarose, Qiagen GmbH, Germany). MGD
was allowed to bind to the resin at 4 C for 3 h, and the resin was
washed ﬁve times with a 10· bed volume of the lysis buﬀer containing
5 mM imidazole. The puriﬁed MGD-His protein was eluted with lysis
buﬀer containing 200 mM imidazole.
2.3. Oxidation and reduction of MGD
The puriﬁed MGD was treated with 50 lMCuCl2 for 1 h on ice. The
oxidized enzyme was then subjected to gel ﬁltration (Sephadex G-25,
Amersham Pharmacia Biotech, Sweden) to remove Cu2+ ions and
was then used for the assays as oxidized MGD. Reduced MGD was
prepared by incubation with 1 mM DTT at 30 C for 30 min. For
the Trx-dependent activation of MGD, recombinant Trx-f and Trx-
m [16–18] were used as two representative Trxs in chloroplast. Trxs
were reduced by 10 lMDTT at room temperature for 30 min followed
by the reduction of MGD at 30 C for 30 min. For the in vitro recon-
stitution of Trx-dependent regulation of MGD, recombinant Trx-f or
Trx-m, NADPH and NADPH-dependent thioredoxin reductase
(NTR) were incubated at room temperature for 30 min followed by
the reduction of MGD at 30 C for 30 min. Reduced MGD was then
used the assay for MGD activity or the determination of redox states.
Trx-f and Trx-m and NTR, from Arabidopsis thaliana were prepared as
described [16–18]. The concentration of Trx was calculated from the
A278 using the published molar absorption coeﬃcient value for Trx-f
and Trx-m, 16830 M1 cm1 and 20500 M1 cm1, respectively [19].
Protein concentrations were determined by the method of Bensadoun
and Weinstein [20], with bovine serum albumin as the standard.
2.4. Assay for MGD activity
MGD activity was measured by determining the amount of
[4,5-3H]galactose incorporated into the lipid fraction [10,12]. After
incubation of MGD with lipid substrate and reducing reagent at
30 C, UDP-[4,5-3H]galactose was added to onset the reaction at
30 C for 30 min.
2.5. Determination of MGD redox states
Redox states of MGD were assessed as described [21]. Using this
method, free SH groups of protein are modiﬁed by 4-acetamido-40-
maleimidylstilbene-2-2 0-disulfonate (AMS, Molecular Probes, USA),
a maleimidyl reagent that speciﬁcally modiﬁes cysteine residues. Re-
duced or oxidized MGD was precipitated with 80% [v/v] cold acetone
followed by alkylation with AMS solution (10 mM AMS/1% SDS/
25 mM Tris–HCl (pH 7.5)). The alkylated protein was separated by
non-reducing 8.5% (w/v) SDS–PAGE and electroblotted onto nitrocel-
lulose membranes (Schleicher & Schuell). MGD protein was detected
with the cucumber MGD antibodies as described by Yamaryo et al.
[10].Fig. 1. Reversibility of MGD activity and disulﬁde bond formation in
MGD. In the control, freshly puriﬁed recombinant cucumber MGD
was assayed. In the experimental samples, oxidation was initiated by
addition of 50 lM CuCl2, and the samples were incubated for 1 h on
ice. The CuCl2 was subsequently removed by gel ﬁltration. Oxidized
MGD was reduced by incubation with 1 mMDTT at 30 C for 30 min.
(A) MGD activity. MGD activity was measured by the amount of
[4,5-3H]galactose incorporated into the lipid fraction. Each value is the
average of results from three independent experiments. Vertical bars
represent the S.D. (B) Redox state of MGD. Free thiol groups in the
oxidized or reduced forms of 1 lg MGD were precipitated by 80%
acetone, and alkylated using 10 ll of freshly prepared AMS solution
(10 mM AMS/1% SDS/25 mM Tris–HCl (pH 7.5)). The alkylated
protein was separated by SDS–PAGE (8.5%) under non-reducing
conditions and visualized by Western blotting.3. Results
3.1. Reversible activation of MGD by DTT
Based on the ﬁnding that DTT is required to maintain MGD
enzyme activity in vitro [11,14], we investigated whether MGD
could be a thiol-regulated enzyme. His-tagged MGD from
cucumber was overexpressed in E. coli and puriﬁed by nickel
NTA aﬃnity chromatography. MGD activity was assessed
as described [10,12]. Because Cu2+ does not covalently bind
Cys residues, it can mimic an in vivo oxidizing environment[22]. Thus, we used a low concentration of CuCl2 (e.g.
50 lM) to prepare oxidized MGD. Incubation with CuCl2
completely inactivated the enzyme (data not shown), whereas
removal of Cu2+ ion by gel ﬁltration partially recovered the en-
zyme activity (Fig. 1A, center). After incubating the CuCl2-
oxidized enzyme with DTT, the enzyme was reactivated to
the same level as the untreated enzyme. This result indicates
that the activity of MGD can be redox-regulated in a reversible
manner.
3.2. Reduction of a disulﬁde bond(s) activates MGD
Reversible redox regulation is generally achieved through
reversible modiﬁcation of Cys residues involved in the
formation of a disulﬁde bond(s). We investigated whether
DTT-dependent enhancement of MGD activity could involve
reduction of a disulﬁde bond(s). The redox state of Cys resi-
dues was monitored after acetone precipitation using AMS,
a speciﬁc thiol-modifying reagent [21]. The AMS-dependent
4088 Y. Yamaryo et al. / FEBS Letters 580 (2006) 4086–4090modiﬁcation of Cys residues in MGD retarded the electropho-
retic mobility of the reduced form compared to that of the oxi-
dized form (Fig. 1B). This result suggests that disulﬁde bonds
are present in the oxidized form of MGD. The oxidized MGD
had a weak band probably because it is unstable in oxidized
form for the nature of MGD protein. Since MGD is ca.
50 kDa and has 9 Cys, the oxidation followed by denaturation
probably caused MGD to form unexpected disulﬁde bond that
resulted in the aggregation or diﬀusion in the SDS–PAGE. The
observed change in mobility by the reduction of disulﬁde bond
corresponded with the enhancement of MGD activity by
reduction (Fig. 1A). These results suggest that MGD might
form a critical disulﬁde bond(s) that must be reduced to yield
enzyme activity.
3.3. In vitro reconstitution of thioredoxin-dependent regulation
of MGD
Trx is one of the primary proteins in higher plants that
reduce disulﬁde bonds and regulate the activity of many re-
dox-dependent enzymes via the dithiol–disulﬁde interchange
reaction [23,24]. In chloroplast, Trxs (Trx-f, -m, -x, -y) are
implicated with the ferredoxin/thioredoxin system, they show
diﬀerent speciﬁcity to target enzyme [23,24]. We investigated
whether the reduced form of Trx-f or -m aﬀects MGD activity.
Addition of 10 lM DTT enhanced MGD activity twofold as
compared with the oxidized form (Fig. 2). When Trx-f and
10 lM DTT were added together, the MGD activity was en-
hanced to the level obtained with 1 mM DTT. Trx-f enhanced
the MGD activity in a dose-dependent manner. In contrast,
Trx-m enhanced MGD activity above that observed with
10 lM DTT alone, but the MGD activity did not achieve
the level observed with 1 mM DTT and its dose-dependent
eﬀect was not signiﬁcant.
We then determined whether Trx reduced by NADPH via
NADPH-dependent thioredoxin reductase (NTR) could en-
hance MGD activity directly without any reducing reagent.
Although Trx-f and Trx-m are reduced in vivo by ferre-Fig. 2. Trx-dependent activation of MGD. Trx-f or Trx-m was
incubated with 10 lM DTT for 30 min prior to incubation with
oxidized MGD at 30 C for 30 min. After incubation with UDP-
[4,5-3H]galactose at 30 C for 30 min, [4,5-3H]galactose incorporated
into the lipid fraction was measured. The activity is shown relative to
MGD activity in the presence of 1 mM DTT (766.3 nmol/min/mg
protein). Each value is the average of results from three independent
experiments. Vertical bars represent the S.D.doxin-dependent thioredoxin reductase using reducing equiva-
lent generated by photosynthesis in the chloroplast, Trxs can
also be reduced by NTR using NADPH as an electron donor
in vitro (data not shown). Trxs were reduced by preincubation
with NTR and NADPH prior to the MGD activity assay. As
shown in Fig. 3A, reduced Trx-f enhanced MGD activity with-
out any additional reducing reagent. Reduced Trx-f enhanced
MGD activity to the same level as that obtained with 1 mM
DTT, whereas reduced Trx-m enhanced MGD activity to
60% of that obtained with 1 mMDTT (data not shown). These
results suggest that Trx can directly enhance MGD activity by
reducing the disulﬁde bond(s) in MGD.
Finally, to conﬁrm that Trx actually reduced a disulﬁde
bond(s) in MGD, we used AMS to analyze the redox state
of MGD treated with Trx-f or Trx-m that had been reduced
by NTR and NADPH. As shown in Fig. 3B, when Trx,
NTR and NADPH were incubated together with MGD,
MGD was detected in its reduced form. Neither NADPH
nor NADPH/NTR could reduce the disulﬁde bond(s) in
MGD such that mobility of the protein was retarded. These re-
sults, together with those from the MGD activity assay, indi-Fig. 3. In vitro reconstitution of Trx-dependent regulation of MGD.
Trx-f (Trx-m in B), (3 lM) was incubated with 0.3 lM NTR and
50 mM NADPH at room temperature for 30 min prior to incubation
with oxidized MGD at 30 C for 30 min. (A) Change in MGD activity.
MGD activity was assayed by adding UDP-[4,5-3H]galactose. (B)
Change in MGD redox state. MGD (1 lg) was precipitated by 80%
acetone and alkylated by AMS. The alkylated protein was separated
by SDS–PAGE (8.5%) under non-reducing conditions and visualized
by Western blotting. Assays for experiments in panels A and B were
performed independently. Each value is the average of results from
three independent experiments. Vertical bars represent the S.D.
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be reduced by Trx, and that the reduction of a disulﬁde
bond(s) might be responsible for the enhancement of MGD
activity in vivo.4. Discussion
Plant MGD protein sequences are very similar and contain
nine conserved Cys residues in the mature protein. Cove`s
et al. [11] ﬁrst found that DTT is essential to protect the activ-
ity of MGD in vitro. This ﬁnding introduced the idea that Cys
residues might be involved in regulating MGD activity. Mare´-
chal et al. [14] predicted that MGD has Cys residues that are
possibly involved in binding DAG, probably via a metal ion
such as Zn2+. Nishiyama et al. [15] refolded denatured spinach
MGD (soMGD) that was overexpressed in E. coli. Refolding
of soMGD was promoted by addition of metal ions, Zn2+
and Cu2+. Furthermore, Nishiyama et al. [15] suggested that
Cys residues are located in the vicinity of the MGD dimeriza-
tion site. Recently, Botte´ et al. [25] predicted the 3D structure
of soMGD based on a comparison to the structure of another
glycosyltransferase, MurG (UDP-N-acetylglucosamine:LPS
N-acetylglucosamine transferase), involved in bacterial pepti-
doglycan biogenesis [26]. The active site in MGD was pre-
dicted to contain both Cys and His residues, but mutagenesis
of the corresponding Cys did not signiﬁcantly alter MGD
activity, whereas impairment of His diminished the activity
[25]. Although Cys residues in MGD have been predicted to
be important for DAG binding, metal ion (probably Zn2+)
binding, dimerization, and in the active site itself, an actual
role for cysteines has not been established. In this report, we
propose a novel role for Cys in redox regulation. Since MGDs
have nine Cys in the mature protein, the exact Cys residues
that presumably participate in each of the roles mentioned
above remain to be elucidated. Further investigation, probably
by site-directed mutagenesis at every Cys position, is required
to identify the role of each Cys in MGD function.
Figs. 2 and 3 suggest that MGD may be regulated by Trx
in vivo; In the chloroplast, a classic example of Trx-dependent
regulation is the light/dark modulation of enzymes that are in-
volved in metabolism coupled with photosynthesis activity
[23,24]. Because fatty acid synthesis, the reaction upstream of
DAG synthesis is coupled with photosynthesis by Trx-depen-
dent regulation of acetyl-CoA carboxylase activity [27],
MGD can be regulated by Trx to coordinate with the preced-
ing reaction, even if MGDG synthesis itself does not require
any direct products from the photosynthesis-coupled reaction.
However, in the early stage of germination when the thyla-
koid membrane develops, MGDG synthesis does not require
de novo fatty acid synthesis in cucumber [10]. At this stage,
MGDG synthesis requires red light not only for the induction
of gene expression, but also for cooperative regulation with the
expression of photosynthetic activity [10]. When photosynthe-
sis does not occur properly in vivo, like cucumber seedlings
treated by cytokinin in the dark or irradiated by far-red light,
under these conditions MGDG does not accumulate the
amount expected from the MGD activity measured in the pres-
ence of DTT in vitro [10]. This suggests a scheme of circular
regulation of MGDG synthesis, i.e., thylakoid membrane
development and the initiation of photosynthesis. Since Trx
can transmit the information of photosynthesis via electrontransport, this Trx-dependent regulation would enable galac-
tolipid synthesis to cooperate with photosynthesis.
Trx is also involved in mechanisms that protect enzymes
from oxidative stress in order to maintain the integrity of chlo-
roplasts [28]. Under oxidative stress, lipids can be damaged,
and thus de novo lipid synthesis must take place. Because
MGDG is the predominant lipid in chloroplasts, immediate
MGDG synthesis would be required. As MGD exhibits revers-
ibility to changes in reduction and oxidation, Trx may regen-
erate active, reduced MGD from oxidized enzyme to initiate
repair of the chloroplast membrane system.
MGD is a low-abundance membrane-bound protein. To our
knowledge, this is the ﬁrst report of an envelope membrane-
bound protein that is a possible Trx target. In higher plants,
MGD is categorized into either type-A, expressed widely in
green tissues, and the enzyme is thought to contribute substan-
tially to the construction of thylakoid membranes, or type-B,
whose expression is very low, particularly in photosynthetic
tissues under nutrient-suﬃcient conditions, but is strongly acti-
vated upon Pi starvation [3,9]. Cucumber MGD is a type-A en-
zyme and its localization is predicted to be at the inner
envelope facing toward the intermembrane space from the re-
sults of other type-A MGDs [6–9]. Trx may localize in this
intermembrane space, because a proteomic analysis of Arabid-
opsis chloroplast envelope proteins speciﬁcally detected Trx-
m1 among nine Trxs of four diﬀerent types [29]. In addition,
since the outer envelope generally allows small proteins to pass
through the membrane, it is possible that cytosolic Trx-h
[30,31] may permeate through the outer envelope to the inter-
membrane space. Possible localization of some Trx isoforms to
the intermembrane space implies that MGD might be regu-
lated by a Trx even at the intermembrane space between the
inner and outer envelope.
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